ABSTRACT A novel fluorescence microscope/laser optical system was developed to measure fast transients of membraneproximal versus bulk cytoplasmic intracellular calcium levels in cells labeled with a fluorescent calcium indicator. The method is based on the rapid chopping of illumination of the cells between optical configurations for epifluorescence, which excites predominantly the bulk intracellular region, and total internal reflection fluorescence, which excites only the region within -100 nm of the cell-substrate contact. This method was applied to Fluo-3-loaded neutrophils that were activated by the chemoattractant N-formyl-met-leu-phe. Chemoattractant-activated cells showed 1) transient increases in both membraneproximal and bulk cytosolic Ca2+ that peaked simultaneously; 2) a larger fractional change (20-60%) in membrane-proximal Ca2+ relative to bulk cytosolic Ca2+ that peaked at a time when the main Ca2+ transient was decreasing in both regions and that persisted well after the main transient was over. This method should be applicable to a wide variety of cell types and fluorescent ion indicators in which membrane-proximal ionic transients may be different from those deeper within the cytosol.
INTRODUCTION
Cellular Ca2+ is widely recognized as an important intermediate messenger in signal transduction systems (Ghosh and Greenberg, 1995; Felder et al., 1994; Clapham, 1995; Bootman and Berridge, 1995; Cheek and Barry, 1993) . In some cases, such as G-protein-mediated hormonal responses, a cytosolic Ca2+ increase results from the release of Ca2+ from intracellular stores via phospholipase C activation. In other cases, such as receptor-or voltage-regulated Ca2+ channels, a cytosolic Ca2+ increase results from the uptake of Ca2+ from the extracellular medium. In either case, the resulting cytosolic Ca2+ increase is important for regulating events such as protein phosphorylation and fusion of secretory vesicles with membranes that result in diverse functions such as production of oxidants and release of neurotransmitters and other secretory granule contents. In addition, it has been hypothesized that there is a membranebound pool of Ca2+ that may be important for regulating events occurring at the plasma membrane, such as fusion of secretory vesicles with the plasma membrane (Smolen et al., 1982; Chandler and Williams, 1978; Taljedal, 1978) and polymerization of actin (Bengtsson, 1990) . Cytosolic Ca2+ levels are most commonly detected by fluorescent Ca2+ chelators that can be loaded into cells and whose spectral properties are sensitive to Ca2+ binding (Tsien, 1980 (Tsien, , 1981 . These probes label the cell cytoplasm and therefore detect a cytosolic pool of Ca2 , the concentration of which is generally reported in the range of 10-7 M. Evidence exists that suggests that measurement of the bulk cytosolic Ca2+ does not reflect the concentration of Received for publication 28 May 1996 and in final forn 16 August 1996. Address reprint requests to Dr. Geneva M. Omann Ca2+ proximal to the plasma membrane. In vitro studies of secretion from chromaffin granules show that 1-100 ,uM free Ca2+ is required to induce secretion; however, this concentration range is much greater than the levels measured in the bulk cytosol of stimulated cells (Augustine and Neher, 1992) . Measurement of presynaptic Ca2+ currents in neurons predicts that the intracellular free Ca2+ concentration near the Ca2+ channels could be several hundred micromolar (Llinas et al., 1981) . Using a fluorescent Ca2+ indicator whose minimum Ca2+ sensitivity was 100 ,uM, Llinas et al. (1992) have shown that electrical stimulation of giant squid axons results in the generation of small Ca2+ microdomains containing 100 ,uM Ca2+ or more.
Evidence for a membrane-bound pool of Ca2+ has been based on the ability of the compound chlortetracycline (CTC) to detect Ca2+ at the membrane. CTC partitions into membranes, and binding of Ca2+ increases its fluorescence (Caswell and Hutchison, 1971a,b) . Stimulation by secretogogs of CTC-loaded neutrophils (Smolen et al., 1982; Naccache et al., 1979) , pancreatic acinar cells (Chandler and Williams, 1978) , and mast cells (White and Pearce, 1983) causes a decrease in fluorescence that has been interpreted as a release of Ca2+ from the membrane that would presumably increase the free Ca2+ proximal to the membrane.
However, many uncertainties remain regarding the processes that regulate CTC fluorescence Pearce, 1982, 1983) . Conditions that obliterate the increase in fluorescence of bulk cytosolic Ca2+ indicators do not alter the CTC response (Bengtsson, 1990) , and the dose-response characteristics of CTC fluorescence changes and cytosolic Ca2+ indicator changes are different (Korchak et al., 1983) , suggesting that the Ca2+ released from the membranebound pool is an insignificant fraction of the bulk cytosolic Ca2+ increase.
A measurably long-lasting excess of membrane-proximal Ca2+ (due to release from the membrane or entering the cell through membrane channels) relative to cytosolic Ca2+ can develop only if the rate at which the Ca2+ diffuses into the bulk cytosol is somehow restricted. Allbritton et al. (1992) (Etter et al., 1994; Lloyd et al., 1995) . This approach has some limitations in that the compound must be microinjected into cells, and not all cells are amenable to microinjection. In addition, the probe may enter the membranes of intracellular organelles, making it difficult to determine whether changes are occurring at the plasma membrane or at the membranes of organelles.
In an effort to identify membrane-proximal Ca2+ gradients, we have developed a real-time technique combining total internal reflection (TIR) fluorescence (TIRF) (Axelrod et al., 1992) and epi-illumination (EPI) fluorescence in a microscope to determine the relationship between the membrane-proximal and cytosolic pools of Ca2+ on adherent, single living cells loaded with the bulk cytosolic Ca2+
indicator Fluo-3. TIR illumination creates a thin (-100 nm) exponentially decaying field near the glass substrate called the "evanescent field." The evanescent field selectively illuminates just those regions of a cell at or near cellsubstrate contacts, including a thin layer of the submembrane cytosol at the contact regions. Most of the Fluo-3 fluorescence excited by TIR comes from the membraneproximal regions. Thus the depth resolution is similar to the effective range of free calcium predicted by Allbritton et al. (1992) . EPI (also called "trans-") illumination, on the other hand, illuminates the entire depth of the cell. Most of the Fluo-3 fluorescence excited by EPI comes from regions of the cytosol much deeper in the cell. The cell system examined in these experiments was the human neutrophil. Human neutrophils exhibit increased cytosolic Ca2+ when stimulated with numerous chemoattractants, including N-formyl peptides. Phospholipase C is activated via a G-protein, and the inositol triphosphate (IP3) thereby produced releases Ca2+ from intracellular stores (Lad et al., 1992) . This is followed by a Ca2+-induced influx of Ca2+ from the extracellular medium (Lagast et al., 1984; von Tscharner et al., 1986; Chandler and Kazilek, 1987) . The changes in cytosolic Ca2+ may be related in part to changes in a hypothesized membrane-bound pool of Ca2+ upon ligand-receptor binding. This hypothesis has been based on the use of CTC in human neutrophils 1979). In addition, membrane-proximal Ca2+ has been detected in human neutrophils as pyroantimonate-precipitable Ca2' by using microscopy techniques (Cramer and Gallin, 1979) . The relationship between this membrane-associated pool of Ca2' and the general cytosolic pool of Ca21 is not yet well characterized. It has also been hypothesized that the membrane-bound pool of Ca2+ is important for regulating N-formylpeptide-induced secretion (Smolen et al., 1982) and cytoskeletal changes, measured as changes in the Factin levels and generally called the actin polymerization response (Bengtsson, 1990) . Studies using cytosolic Ca2+ indicators and buffers have shown that sequestration of the chemoattractant-induced cytosolic Ca2+ increase does not inhibit the actin polymerization response (Sklar et al., 1985) . However, a recent report (Bengtsson, 1990) has shown a strong correlation between the release of membrane-bound Ca2+ (measured with CTC) and the actin polymerization response (measured as right-angle light scatter, which is an indicator of actin polymerization in these cells). Thus in this work we sought to develop a method to define the relationship between the bulk cytosolic and membraneproximal Ca2+ pools and their role in regulating neutrophil responses.
MATERIALS AND METHODS

Configuration of optics
The purpose of the optical configuration is to rapidly chop the illumination between the two alternatives of TIR and EPI so that fluorescence transients in both can be followed simultaneously for comparison on the same cell.
We describe first the optical illumination paths and then the chopping system.
The EPI beam is incident normally upon the sample by propagating up through the inverted microscope (Leitz Diavert) objective via the conventional dichroic mirror system. The beam is defocused at the field diaphragm sufficiently to illuminate a circular region (-30 ,um in diameter) several times wider than the diameter of a neutrophil. The TIR beam is deflected, as shown in Fig. 1 , to travel vertically downward toward the sample plane but off-center through the base of a trapezoidal prism made by truncating and polishing a 600 equilateral triangle prism made of flint glass (n = 1.62; Rolyn Optics). The TIR beam thereby internally reflects at a side wall of the prism, exits the prism at its truncated face at an oblique angle, propagates through a layer of immersion oil placed there to establish optical contact, enters the glass wall of a microcapillary tube containing the cells, and totally reflects at the glass/water interface to which the cells are adhered upside-down. The TIR beam is focused at the cell adhering surface to produce an elongated region of illumination about 20,um wide and 80 ,um long. The trapezoidal prism is mounted on the microscope's own condenser holder/translator, so it can be withdrawn and put back in place easily and reproducibly.
The chopping is done by a system of three acousto-optic modulators (AOM 1-3) responding to commands from a 486/50 PC (Fig. 1) 
Preparation of cells
Human peripheral blood was obtained from volunteers using procedures approved by the Internal Review Board of the University of Michigan Medical School. Neutrophils were purified by counterflow centrifugation (Tolley et al., 1987) and loaded with the Ca21 indicator Fluo-3 (Molecular Probes, Eugene, OR) as previously described (Omann and Harter, 1991) . Cells were suspended at 1 X 107/ml in modified Gey's buffer containing 1.5 mM Ca2+ as described (Omann and Harter, 1991) . Cells were loaded with 2',7'-bis-(2-carboxyethyl)-5-(and-6)carboxyfluorescein (BCECF) (Molecular Probes) by incubation with 5 JIM BCECF-acetoxymethyl ester for 45 min at room temperature and then washed three times with buffer to remove the external indicator. The cells were resuspended at a concentration of 1 X 107/ml. Neutrophils loaded with fluorescent indicator were drawn up into a 0.3-mm internal thickness rectangular microcapillary tube (Vitro Dynamics, Rockaway, NJ) and allowed to settle by gravity and adhere to one surface for at least 3 min (Fig. 2) . The capillary was then inverted (so the cells were on the inside of the top surface) and glued to a microscope slide on which two rings of silicon grease had been applied. These rings created input and output reservoirs for solutions that could replace the existing fluid in the microcapillary while a cell was under observation. For this purpose, a droplet of replacement fluid was deposited at one end of the capillary while a rolled-up paper tissue soaked up solution at the other end of the capillary. After a delay time, the solution around any cell changed over with a characteristic time of 0.2 s. This time was determined in separate experiments with the same optical and sample holder system in which fluorescein-containing buffer was introduced into a microcapillary tube containing pure buffer. The characteristic changeover time is defined as the duration between the initial onset of detected fluorescein and the time at which the fluorescence reaches its half-maximum value. The cells were placed on the microscope and activated within 10-30 min of adherence to the slide. It has been shown that spreading of neutrophils on glass is preceded by a large increase in cytosolic free calcium that returns to baseline within -2 min (Kruskal et al., 1986 
FIGURE 2 Preparation of cells for microscopy
to baseline within 10 min (Bengtsson et al., 1993) . Thus we chose a time after adherence where the neutrophils were expected to have returned to a resting state. In addition, it has previously been shown with epi-illumination techniques that adherent neutrophils can subsequently be activated by N-formyl-met-leu-phe (FMLP) to give a Ca2' rise (Jaconi et al., 1988) .
RESULTS AND DISCUSSION
Under EPI illumination, each cell appeared as a sphere with the brightest fluorescence in the middle; under TIRF illumination, each cell appeared somewhat more uniform in brightness but spread over a larger and slightly irregular circular area, indicating that the cell had spread at the glass surface. The brightness was somewhat variable cell to cell, perhaps as a result of partial triggering in response to making contact with the glass. We chose cells whose prestimulation fluorescence was at the dimmer end of the distribution. The kinetics of activation were measured using the chemoattractant FMLP (Fig. 3) Heterogeneity in kinetics also existed, with the time for going from resting level to half-maximum response ranging from 2.5 s to 11 s. In all cases this was significantly longer than the typical characteristic time of 0.2 s required to replace the media around a given cell. Thus the heterogeneity in kinetics appears to represent cell-to-cell variations in responses and not solution changeover times. The maximum Ca2+ elevation was reached at the same time for EPI and TIR traces. In both regions probed, addition of the calcium ionophore, ionomycin, caused a substantial increase in fluorescence. Subsequent combined addition of ionomycin and cobalt ion (Co2+) quenched the fluorescence, consistent with the interpretation that Fluo-3 was the source of the fluorescence signal being measured.
The ratio of TIR to EPI fluorescence showed that FMLP caused a significant increase in membrane-proximal Ca2+ relative to the bulk cytosolic Ca21 increase (Fig. 4, a and b) .
However, this ratio reached a peak well after the initial individual transients approached baseline. There was some hetergeneity in this aspect of the response, with the TIR/EPI ratio of some cells returning to baseline within a minute, but in most cells the ratio remained elevated as long as the response was observed (-5 min). (Fig. 4 c) unaffected by spontaneous fluctuations, and it tended to decrease slightly with photobleaching (perhaps because membrane-proximal regions were exposed to light during both the TIR and EPI phases of illumination). The addition of ionomycin, which makes the membrane permeable to calcium, led to large increases in both TIR and EPI signals, but unlike FMLP, caused the TIR/EPI ratio to decrease by approximately 25% (in 14 of 18 cells on six different days). Based on the amplitude of the fluorescence response to ionomycin, relative to FMLP, we could roughly estimate the amplitude of the calcium concentration increase due to FMLP (Omann and Harter, 1991) . These calculations yielded estimates of the intracellular calcium concentrations of -280 nM in resting cells and 1-5 ,uM in maximally stimulated cells (both EPI and TIR, n = 3). This is in reasonable agreement with estimates of intracellular calcium in cells in suspension (the "EPI" equivalent) of 195 nM and 1.2 ,uM for resting and maximally stimulated cells, respectively (Omann and Harter, 1991) .
The kinetic pattern of the increased TIR/EPI signal in Fluo-3-labeled neutrophils is more typical of secretory responses (slower onset and longer duration) (Smolen et al., 1982) than cytoskeletal changes (more rapid onset and recovery) (Bengtsson, 1990; Sklar et al., 1985) , suggesting that membrane-proximal Ca21 may be important for regulating vesicle fusion, but not actin polymerization in neutrophils. It is also possible that the elevated membraneproximal calcium reflects the influx of extracellular calcium as the cell rebuilds its calcium stores. The greater increase in [Ca2+] at the membrane relative to the cytoplasm may appear slight, given the predictions that the concentration of calcium needed to support vesicle fusion would need to be -10-fold greater than the cytoplasmic increases Stoehr, 1985, 1986) . However, if the observed relative increase in membrane-proximal calcium is localized into submicroscopic "hot spots," either laterally or in a depth significantly less than the 100-nm illumination depth of the TIR measurements, then the calcium increase in these hot spots could be sufficient to support vesicle fusion.
The prolonged increase in TIR/EPI ratio that persists well after the initial transient has begun to recover is consistent with the hypothesis that the increase in membrane-proximal Ca2+ results from a late-occurring Ca2+-stimulated Ca2+ influx, as observed by others (Lagast et al., 1984; von Tscharner et al., 1986; Chandler and Kazilek, 1987) . Preliminary attempts to test this hypothesis were performed by measuring the Ca2+ fluxes in FMLP-stimulated cells in the presence of the calcium channel blocker La3+ (Demaurex et al., 1992) . La3+ (100 ,uM) did not inhibit the rapid transient increases in Ca2+ seen by both TIR and EPI illumination.
However, it reduced the increase in the TIR/EPI ratio induced by FMLP down to 3 ± 7% (SD, n = 5), supporting the hypothesis that the FMLP-induced increase in the TIRJ EPI ratio is due to the influx of calcium from the extracellular medium.
In conclusion, the optical chopping scheme used here for comparing TIR versus EPI fluorescence signals appears to work well for comparing the time course of membraneproximal versus cytosolic Ca2+ concentrations in stimulated neutrophils. The TIR/EPI chopping system should be applicable to a wide variety of cell types exhibiting responses that involve changes in intracellular Ca2+ (and other ions for which there are fluorescent indicators) that may differ between regions that are proximal to the plasma membrane versus regions that are deeper in the cell cytosol.
